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Spin transfer torques allow the electrical manipulation of the magnetization at room 
temperature, which is desirable in spintronic devices such as spin transfer torque memories. 
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When combined with spin-orbit coupling, they give rise to spin-orbit torques which are a 
more powerful tool for magnetization control and can enrich device functionalities. The 
engineering of spin-orbit torques, based mostly on the spin Hall effect, is being intensely 
pursued. Here we report that the oxidation of spin-orbit torque devices triggers a new 
mechanism of spin-orbit torque, which is about two times stronger than that based on the 
spin Hall effect. We thus introduce a way to engineer spin-orbit torques via oxygen 
manipulation. Combined with electrical gating of the oxygen level, our findings may also 
pave the way towards reconfigurable logic devices. 
Controlling the magnetization direction via interaction between spins and charges is 
crucial for spintronic memory and logic devices1-4. Magnetization switching using conventional 
current-induced spin transfer torque (STT) requires a spin polarizer in a spin valve structure5,6. 
Recently, the combination of STT with spin-orbit coupling has led to a new type of torque, 
namely spin orbit torque (SOT). In magnetic bilayers, where an ultrathin ferromagnetic (FM) 
layer is in contact with a heavy metal (HM) layer, SOT arises from an in-plane current and 
enables efficient manipulation of the magnetization7-14, in particular, low power magnetization 
switching7,8, fast domain wall motion9,15,16, and tunable nano-oscillators11,12.  The high stability, 
simplicity, and scalability of SOT make it attractive for next-generation spintronic devices8,17. To 
fully realize the envisioned merits, enhanced control and design of SOT are desired. 
So far, most experimental studies8,16,18-20 have attributed SOT to the bulk spin Hall effect 
in the HM. According to this interpretation, the sign and magnitude of SOT are determined 
essentially by the spin Hall angle in the HM, while the characteristics of FM18,21,22 may only 
slightly affect the magnitude of SOT.  Here we report experimental results whose interpretation 
requires additional elements beyond the bulk spin Hall effect. We examine the oxidation effect 
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on SOT in Pt/CoFeB/MgO/SiO2. The Pt layer, which is the source of the bulk spin Hall effect, is 
hardly affected by oxygen in our experiment, and the oxygen effect is limited to the CoFeB layer. 
We find that as the oxygen level in the CoFeB layer goes above a threshold level, SOT suddenly 
reverses its direction while its magnitude remains roughly invariant. The bulk spin Hall 
interpretation of SOT may explain the magnitude change but is unable to explain the sign 
reversal. This result thus implies that a new SOT mechanism is introduced by the oxidation. We 
estimate that the new mechanism in our sample can be two times stronger than the bulk spin Hall 
mechanism, resulting in greater tunability of SOT in addition to the bulk spin Hall effect. 
Capping layer thickness dependence of SOT 
The oxygen level can be controlled by the thickness of the SiO2 capping layer in our layer 
structure. The sputter-deposited film structure of Pt/CoFeB/MgO/SiO2 is shown in Fig. 1a, in 
which the thickness t of the SiO2 layer is varied from 0 to 4 nm. For small t, oxygen can easily 
diffuse through both the SiO2 and MgO layers, and reach the CoFeB layer. A scanning electron 
microscope (SEM) image of the patterned Hall bar is shown in Fig. 1b. We find that t variation 
alters the SOT considerably. Figure 1c shows the anomalous Hall resistance (RH) of the device as 
a function of the in-plane current (I) applied to the device. In addition to the current, a small 
constant magnetic field of 40 mT is applied along the positive current direction to break the 
symmetry7,8 of the device and allow for selective magnetization switching by the in-plane current. 
Since RH probes the average z-component of the CoFeB magnetization, the hysteretic switching 
of RH confirms that the current-induced SOT indeed switches the magnetization. The arrows 
represent the current sweep direction. Interestingly, the resulting switching sequence is 
clockwise for t > 1.5 nm, but counterclockwise for t  1.5 nm. Only the switching sequence for 
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large t (i.e., low oxygen level) is consistent with the previously reported switching sequence for 
Pt/Co/AlOx7,23 and Pt/CoFe/MgO16. Thus, the switching sequence for small t is abnormal.  
The current-induced Oersted field cannot explain the sequence reversal. The switching 
sequence reversal is not due to the sign reversal of the relation between RH and the z-component 
of the magnetization either, since the purely magnetic-field driven magnetization switching (see 
Supplementary Figs. 2 and 6) does not exhibit the switching sequence reversal with t. The inset 
of Fig. 1e shows IS versus t, in which IS is defined as the current at which RH changes from a 
positive to a negative value (note the sign change of IS around t = 1.5 nm). Interestingly, this 
threshold thickness of 1.5 nm matches the native oxide thickness of Si for passivation. The main 
panel in Fig. 1e shows the ratio between the anisotropy field Han and IS as a function of t, which 
provides a rough magnitude estimation of SOT17,23. Note the abrupt sign reversal of the ratio 
while its magnitude remains roughly the same before and after the sign reversal. This implies 
that a new mechanism of SOT is suddenly introduced by the oxidation, generating SOT that is 
two times stronger and of opposite sign. The abrupt and full sign reversal differs qualitatively 
from continuous and marginal sign reversal in a previous study21. 
For independent confirmation of the SOT sign reversal, we perform lock-in measurements 
of SOT13,21,24-26. We apply a small amplitude sinusoidal ac current with a frequency of 13.7 Hz to 
exert periodic SOT on the magnetization, so that the induced magnetization oscillation around 
the equilibrium direction generates the second harmonic signal V2ω. Depending on the 
measurement geometry, V2ω measures21,25,26 the damping-like or field-like component of SOT, 
which are two mutually orthogonal vector components of SOT. As current induced 
magnetization switching is driven mainly by the damping-like SOT7,8,23, we present here the 
results for the damping-like SOT only, which can be probed by applying an external dc magnetic 
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field H along the current direction (tilted 4 degree away from the film plane) to tilt the 
equilibrium magnetization direction accordingly. The results for the field-like SOT are presented 
in Supplementary Fig. 4. The magnetization switching characteristics have been measured from 
the first harmonic signals, and asymmetric 2V   loops have been observed as shown in Fig. 1d. 
For t = 0 and 1.2 nm, there is a dip in 2V   at a positive field and a peak at a negative field, while 
the opposite behaviour is observed for t = 1.8 and 3 nm. Opposite polarities in 2V   prove that the 
damping-like SOT is pointing in opposite directions for small and large t, confirming the 
conclusion drawn from the switching sequence in Fig. 1c. For t = 1.5 nm, the 2V   signal for 
positive field contains both a peak and a dip, which may indicate the coexistence of regions with 
opposite damping-like SOT directions. The extracted strengths of the damping-like effective 
field (HL) are summarized in Fig. 1f for various t, indicating a sudden sign reversal of the 
damping-like SOT in agreement with Fig. 1e. 
Characterisation of oxidation 
In order to verify the oxidation for small t, we have carried out various measurements. 
Figure 2a shows the oxygen depth profiles obtained by secondary ion mass spectroscopy (SIMS) 
for devices with t = 0 and 2 nm. The depth profile for t = 0 nm shows a significantly enhanced 
oxygen level in the CoFeB layer compared to that of t = 2 nm, confirming the oxidation for small 
t. On the other hand, the two depth profiles are almost identical in the Pt layer, indicating no 
oxidation of the Pt layer even for small t. This is natural since Pt has excellent resistance to 
oxidation, which is supported also by the essentially indistinguishable Pt 4f x-ray photoelectron 
spectroscopy (XPS) spectra in Fig. 2b for the t = 0 and 2 nm samples. We also use the x-ray 
absorption spectroscopy (XAS) to probe the electronic structures of Fe and Co. The Fe and Co 
L2,3edge (2p  3d) XAS spectra27 in Fig. 2c and in Supplementary Fig. 10a exhibit spectral 
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features28 quite similar to those of -Fe2O3 and CoO,29,30 indicating (Fe,Co)oxide formation 
with Fe3+ and Co2+, respectively. The XAS data show that the fraction of the oxidized atoms 
increases as the thickness t decreases (Figs. 2f and Supplementary Fig. 11). Since Fe3+ and Co2+ 
ions do not have net magnetic moments, the saturation magnetization is expected to decrease 
with decreasing t, which is indeed the case as confirmed (Fig. 2e) by vibrating sample 
magnetometry (VSM). The magnetic properties of Fe and Co can also be probed by the x-ray 
magnetic circular dichroism (XMCD). Both the Fe (Fig. 2d) and Co (Supplementary Fig. 10b) 
L2,3edge XMCD signals become weaker with decreasing t, which is consistent with the VSM 
measurements, since the XMCD signals arise from the ferromagnetic atoms that remain un-
ionized. The orbital magnetic moments of the ferromagnetic atoms can be evaluated from the 
XMCD sum rule.27 For the ferromagnetic Fe atoms, the ratio between the orbital to the spin 
magnetic moments is about 0.06 (Fig. 2f), which is about 40% larger than the bulk value 0.043 
and comparable to the value for epitaxial Fe film at the two-dimensional percolation 
threshold27,31. Interestingly, as t decreases, the ratio increases even further to 0.065, indicating an 
enhancement of the orbital moment of the FM at the interface with the oxide32. Considering that 
orbital moment enhancement typically occurs when ferromagnetic atoms are in an environment 
with broken symmetry33, this suggests that the ferromagnetic atoms are subject to more strongly 
broken symmetry as t decreases. 
Sign reversal of SOT by in-situ oxidation 
All these measurements support the oxidation of the CoFeB layer for small t. However, 
we cannot yet rule out the possibility that the oxidation is merely correlated with instead of the 
cause of the SOT sign reversal. In order to verify that the oxidation of the FM is the key 
parameter for the sign reversal, we examine a sample with an oxidized CoFeB layer but with 
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large t (3 nm). To prepare such a sample, we intentionally oxidize the CoFeB layer with O2 gas 
during its deposition before depositing the capping layers including 3 nm of SiO2 as shown in 
Fig. 3a. In this case, even for t = 3 nm, we observe an abnormal anticlockwise switching loop as 
shown in Fig. 3b. Hence what is important for the SOT sign reversal is the FM layer oxidation 
itself rather than the value of t. Small t is merely a method to induce the oxidation. This result 
rules out other t-dependent changes such as strain from being key parameters of the SOT sign 
reversal. 
SOT beyond the spin Hall effect 
We now discuss the connection between the FM layer oxidation and the SOT sign 
reversal. The bulk spin Hall effect8 in the HM layer is an important mechanism of SOT. 
According to the spin Hall interpretation of SOT16,23, the sign of the damping-like SOT is 
determined by the bulk spin Hall angle of the HM layer. The FM affects the damping-like SOT 
through the real part of the spin mixing conductance34, which is always positive and cannot 
change its sign since its being negative implies a negative charge conductance.35 The spin Hall 
interpretation is thus inadequate to explain the oxygen-induced sign reversal of the damping-like 
SOT, since the HM layer is not affected by oxidation (Fig. 2a and b). Furthermore, we have 
verified that the SOT change caused by the oxidation is essentially independent of the Pt 
thickness (Supplementary Fig. 5). Hence our data necessitate a new source of SOT, other than 
the bulk spin Hall effect of the HM layer. One can think of two possibilities; one is the oxidized 
FM layer itself being a SOT source, and the other is the top or bottom interfaces of the oxidized 
FM layer being a SOT source.  
To examine the first possibility, we change the thickness dCFB of the CoFeB layer for 
fixed t = 0 nm. Up to dCFB = 2 nm, the perpendicular magnetic anisotropy is well maintained, and 
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the saturation magnetization (MS) values (Fig. 4a) are almost constant and do not increase with 
dCFB, implying an almost dCFB-independent oxidation level. The change of dCFB has a negligible 
effect on the current density, since the resistivity of CoFeB is much greater than that of Pt22. 
While the abnormal anti-clockwise switching sequence is maintained (Fig. 4b) with changing 
dCFB, Han/IS and HL change almost linearly with 1/dCFB (Fig. 4c). That is, HL  dCFB, which is 
proportional to the total torque acting on the CoFeB layer, does not increase with dCFB. This 
implies that the bulk part of the oxidized FM layer is not an SOT source. Hence, one can exclude 
the first possibility. 
To examine the second possibility, we eliminate the MgO layer from the device stack 
structure. The switching sequence reversal from the normal clockwise to abnormal anti-
clockwise direction is still observed, when t changes from 4 to 1.2 nm as shown in Fig. 5a. This 
shows that the interface between the oxidized FM layer and the MgO layer is not the new SOT 
source. Next we eliminate the Pt layer instead. The current-induced switching itself (Fig. 5b) is 
not observed nor is the 2nd harmonic signal (Supplementary Fig. 13). This leads us to conclude 
that the interface between the oxidized CoFeB layer and the Pt layer is the new SOT source. We 
further extend our experiments to devices in which the FM material CoFeB is replaced with Co. 
As shown in Fig. 5c, the current-induced switching sequence shows normal clockwise behaviour 
for t = 3 nm, but reverses to abnormal anti-clockwise behaviour for t = 0 nm, which is similar to 
the results from devices with CoFeB as the FM layer. Hence the observed sign reversal 
phenomenon is not restricted to a specific FM material, but can be universal.  
The most plausible mechanism consistent with our experimental data is then the 
interfacial spin-orbit coupling34,36-40, some signatures of which have been reported in earlier 
experiments by varying the degree of oxidation or changing the thickness of the Ta underlayer7,21. 
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If its contribution to the damping-like SOT is of opposite sign to the spin Hall contribution and 
becomes larger with oxidation than the spin Hall contribution, the competition between these two 
contributions can explain the sign reversal of the damping-like SOT upon oxidation. For this, the 
oxidation should enhance either (i) the interfacial spin-orbit coupling strength or (ii) the 
efficiency to generate the damping-like torque for a given interfacial spin-orbit coupling strength.  
There is a well-known example of (i). The interfacial spin-orbit coupling at the magnetic 
Gd(0001) surface41 becomes three times stronger upon oxidation, and interestingly reverses its 
sign. The enhanced strength is attributed to the enhanced internal electric field at the surface. An 
additional mechanism of (i) may arise from the atomic orbital degree of freedom. When atomic 
orbitals with angular momentum L

 are linearly superposed to make a Bloch state with crystal 
momentum K

, the quantum interference between orbitals of neighbouring atoms generates an 
electric dipole moment42 towards the direction L K  , which couples with the internal electric 
field E

 at the surface to generate a Coulomb energy proportional to ( )E L K     . When E

 is 
sufficiently strong and the orbital quenching is weak, this energy tends to align43 L

 along the 
direction K E  . Such L  couples with spin S  through the atomic spin-orbit coupling SO L S 
 
 
at the surface, where the coupling constant SO  is large due to the hybridization between Pt 5d 
orbitals and ferromagnetic 3d orbitals44,45. Subsequently, the strong atomic spin-orbit coupling 
SO L S 
 
 is converted to the strong interfacial spin-orbit coupling SOK E S  
  
. It has been 
suggested42,44 that this orbital-based mechanism may enhance the Rashba-type interfacial spin-
orbit coupling significantly. A recent first principles calculation45 for a Pt/Co bilayer confirms 
that a strong interfacial spin-orbit coupling can indeed arise at the HM/FM interface near the 
Fermi energy.  
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Regarding (ii), we are not aware of any theoretical mechanism that predicts efficiency 
enhancement by oxidation. We remark, however, that the damping-like SOT caused by 
interfacial spin-orbit coupling has been significantly underestimated in earlier theories34,36,37,39. It 
was later pointed out38,46 that due to the Berry phase effect, the efficiency of the interfacial spin-
orbit coupling mechanism is actually much higher and comparable to that of the spin Hall 
mechanism. The Berry phase effect has been confirmed46 for a bulk inversion symmetry broken 
material (Ga,Mn)As, but not yet for structural inversion symmetry broken interfaces. Previous 
observations11,15,16,18-20,23 of the damping-like SOT were attributed to the bulk spin Hall 
mechanism. 
Next we discuss the abruptness of the SOT sign reversal (Figs. 1e & 1f) despite the rather 
gradual changes of oxidation level (Figs. 2f & Supplementary Fig. 11). Concomitant with the 
sudden SOT sign reversal, the coercivity (Supplementary Fig. 2) and the temperature dependence 
of RH (Supplementary Fig. 14) also change suddenly. We suspect that such sudden changes may 
be manifestations of SOT instability. A possible origin of the SOT instability is the competition 
between the orbital ordering L K E     and the orbital quenching common in transition metals. 
Although its origin is still unclear, the abrupt SOT reversal is of considerable value for device 
applications. When the oxidation level is near the threshold value, a tiny change of the oxidation 
level by electric gating47,48 can induce a large change of SOT. This takes the SOT engineering to 
a whole new level and may even pave the way towards reconfigurable logic devices. 
Our results may also be relevant to recent SOT experiments using Ta8,16,21,49 which is 
more susceptible to oxidation compared to Pt . Our results indicate that even for the exact same 
layer structure, very different SOTs can be obtained depending on the detailed device preparation 
procedure, which may affect the oxygen content in the sample. Furthermore, we hope our work 
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initiates efforts to bridge the gap between metal spintronics and oxide electronics to combine the 
merits of the both fields50. 
Methods 
The stacked films were deposited on thermally oxidized Si substrates by magnetron sputtering 
with a base pressure < 2 × 10-9 Torr at room temperature. The structure of the t series films is 
substrate/MgO (2)/Pt (2)/Co60Fe20B20 (0.8)/MgO (2)/SiO2 (t) with t = 0 ~ 4, and that of the dCFB 
series films is substrate/MgO (2)/Pt (2)/Co60Fe20B20 (dCFB)/MgO (2)/SiO2 (t = 0 and 3) with dCFB 
= 0.8 ~ 2 (numbers are nominal thicknesses in nanometers). The bottom MgO layer is used to 
promote perpendicular anisotropy. The other film structures are schematically shown in Figs. 3 
and 5. After deposition, except for the oxygen doped CoFeB sample in Fig. 3, all the other films 
were post-annealed at 300 C for 1 hour in a vacuum to obtain perpendicular anisotropy. The 
multilayers were coated with a ma-N 2401 negative e-beam resist and patterned into 600 nm 
width Hall bars by electron beam lithography and Ar ion milling as shown in Fig. 1b. PG 
remover and acetone were used to lift-off the e-beam resist. Contact pads were defined by 
photolithography followed by the deposition of Ta (5 nm)/Cu (150 nm)/Ru (5 nm) which are 
connected to the Hall bars. Before the deposition of the contact pads, Ar ion milling was used to 
remove the SiO2 and part of the MgO layer, in order to make low-resistance electrical contacts. 
All the devices for each batch were processed at the same time to ensure the same fabrication 
conditions, which was important for this study. Devices were wire-bonded to the sample holder 
and installed in a physical property measurement system (Quantum Design) for the transport 
studies. 
  We performed the measurements of current induced switching and the ac harmonic 
anomalous Hall voltage loops for the t and dCFB series devices at 200 K for the data set in Figs. 1 
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and 4, at which temperature all the devices retain desirable perpendicular anisotropy 
(Supplementary Figs. 1-3). The current induced switching was measured using a combination of 
Keithley 6221 and 2182A. A pulsed dc current of a duration of 50 μs was applied to the 
nanowires and the Hall voltage was measured simultaneously. An interval of 0.1 s was used for 
the pulsed dc current to eliminate the accumulated Joule heating effect. 
 The x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) 
measurements were performed at the 2A beamline in the Pohang Light Source. All the spectra 
were measured at 200 K in the total electron yield mode, and the energy resolution was set to be 
~ 300 meV. The reference XAS spectra were obtained from -Fe2O3 and CoO bulk crystals at 
room temperature. An electromagnet with a 0.4 T magnetic field was used for the magnetization 
along the normal direction of the sample for the XMCD measurements at normal incidence of 
more than 95% circularly polarized light. The spin and orbital magnetic moment ratio was 
estimated by using the sum rule27, and the metal to the oxide ratio was extracted from the XAS 
spectra by using the reference spectra of metallic Fe (Co) and -Fe2O3 (CoO). 
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Fig. 1. Device structure and the effect of the SiO2 capping layer thickness. a, Film structure 
of the multilayers. b, Scanning electron micrograph of the device and electrical measurement 
schematic. Two electrodes for the current injection are labelled with I+ and I-. The other two 
electrodes for the Hall voltage measurements are labelled with V+ and V-. c, RH as a function of 
pulsed currents for different t at 200 K. t is indicated in each graph. A fixed 40 mT magnetic 
field is applied along the positive current direction. The width of pulsed currents is 50 μs, and RH 
is measured after a 16 μs delay. d, The first (Vω) and second (V2ω) harmonic anomalous Hall 
voltages as a function of magnetic field (H). H is applied along the current direction with a tilt of 
4° away from the film plane and Iac = 141.4 μA. e, Anisotropy field Han divided by switching 
current IS (defined as the switching current from a high to low RH) as a function of t. The inset 
shows IS. f, The extracted damping-like effective field (HL) from the 2nd harmonic data at 
positive magnetic fields with different t. The planar Hall effect was taken into consideration for 
the extraction of HL using the method in ref. 26. The solid lines in e and f are the B-spline 
interpolations to the experimental data. 
 
Fig. 2. SIMS, XPS, XAS, VSM, and XMCD characterisation. a, SIMS depth profiles of 
oxygen for the films without (t = 0 nm, solid line) and with (t = 2 nm, dashed line) the SiO2 
capping layer. Expected layers with the etching time are denoted at the bottom of the graph. b, Pt 
4f XPS spectra for the films without (t = 0 nm, solid line) and with (t = 2 nm, dashed line) the 
SiO2 capping. c, Fe L2,3edge XAS with various t at 200 K. Peaks of Fe and Fe2O3 are indicated 
by arrows. d, Fe L2,3edge XMCD with various t at 200 K. e, The saturation magnetization data 
by VSM at 200 K. The solid line is a B-spline interpolation to the experimental data. f, The 
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orbital-to-spin moment ratio and the estimated Fe3+oxide site ratio as a function of t. The error 
bars correspond to uncertainties in the estimation of the ratios from the experimental data. 
 
Fig. 3. The CoFeB oxidation effect. a, Device structure where the CoFeB layer is intentionally 
oxidized with reactive sputtering (20 sccm Ar + 10 sccm O2) for the first 14 seconds, then 
deposited using only Ar for the rest of the CoFeB layer. The whole 1.6 nm CoFeB layer requires 
2 minutes for deposition. b, Current-induced switching measured by RH as a function of applied 
current at 300 K. A magnetic field of H = 4 mT is applied along the positive current direction. 
 
Fig. 4. The CoFeB thickness effect. a, The saturation magnetization data at 200 K for various 
thicknesses dCFB of CoFeB for t = 0 nm (diamond symbols). Data for t = 3 nm (square symbols) 
are presented as a reference. The solid lines are the B-spline interpolations to the experimental 
data. b, Current-induced switching for the various dCFB measured by RH as a function of applied 
current at 200 K. A magnetic field of H = 40 mT is applied along the positive current direction. c, 
Han/IS and HL versus 1/dCFB. The solid lines show the linear fitting for the data. 
 
Fig. 5. Material and structural dependence of the sign reversal. a, The MgO layer between 
the CoFeB and SiO2 layers is eliminated from the stack. b, The Pt layer is eliminated. c, Co is 
utilized in the multilayer stack. The experimental setup is the same as that of Fig. 1c. The 
measurements were performed at 200 K for a and c, and at 300 K for b.  
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Fig. 4 
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Fig. 5 
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